Secondary and tertiary structural models of sodium channel transmembrane segments were developed from its recently determined primary sequence in Electrophorus electricus. The model has four homologous domains, and each domain has eight homologous transmembrane segments, S1 through S8. Each domain contains three relatively apolar segments (S1, S2, and S3) and two very apolar segments (S5 and S8), all postulated to be transmembrane a-helices. S4 segments have positively charged residues, mainly arginines, at every third residue. The model channel lining is formed by four S4 transmembrane a-helices and four negatively charged S7 segments. S7 segments are postulated to be short, partially transmembrane amphipathic a-helices in three domains and a (3-strand in the last domain. S7 segments are preceded by short apolar segments (S6) postulated to be a-helices in three domains and a ,B-strand in the last domain. Positively charged side chains of S4 form salt bridges with negatively charged side chains on S7 and near the ends of S1 and S3. Putative extracellular segments that contain 5 of the 10 potential N-glycosylation sites link S5 to S6. Channel activation may involve a 'helical screw' mechanism in which S4 helices rotate around their axes as they move toward the extracellular surface.
ABSTRACT
Secondary and tertiary structural models of sodium channel transmembrane segments were developed from its recently determined primary sequence in Electrophorus electricus. The model has four homologous domains, and each domain has eight homologous transmembrane segments, S1 through S8. Each domain contains three relatively apolar segments (S1, S2, and S3) and two very apolar segments (S5 and S8), all postulated to be transmembrane a-helices. S4 segments have positively charged residues, mainly arginines, at every third residue. The model channel lining is formed by four S4 transmembrane a-helices and four negatively charged S7 segments. S7 segments are postulated to be short, partially transmembrane amphipathic a-helices in three domains and a (3-strand in the last domain. S7 segments are preceded by short apolar segments (S6) postulated to be a-helices in three domains and a ,B-strand in the last domain. Positively charged side chains of S4 form salt bridges with negatively charged side chains on S7 and near the ends of S1 and S3. Putative extracellular segments that contain 5 of the 10 potential N-glycosylation sites link S5 to S6. Channel activation may involve a 'helical screw' mechanism in which S4 helices rotate around their axes as they move toward the extracellular surface.
Noda et al. (1) have deduced the Electrophorus electricus sodium channel primary structure from its cDNA sequence. Sodium channels purified from Electrophorus appear to consist of a single glyco-polypeptide of molecular weight 260,000-300,000, 29% of which is estimated to be carbohydrate (2) . These findings are consistent with the 1820 residue sequence. Noda et al. (1) identified four homologous domains within the sequence and six segments within each domain: the first three segments (S1, S2, and S3) are relatively apolar but contain a few charged residues, the fourth segment (S4) contains positively charged side chains, predominately arginine, at every third position and noncharged side chains at all other positions, the last two segments (S5 and S8t) are very apolar and contain no charged residues. They appear to favor a folding scheme in which S1 and S2 segments of each domain are transmembrane a-helices that form the channel lining and S5 and S8 segments of each domain also traverse the membrane as a-helices. S3, S4, and NH2-and COOHterminal segments, and negatively charged segments linking homologous domains are in the cytoplasm. Segments located between S5 and S8 (that contain 5 of 10 potential Nglycosylation sites [Asn-Xaa-(Ser or Thr) where Xaa is any residue except Pro] are on the extracellular surface.
There are two possible problems with this folding pattern. (i) There are few charged groups on transmembrane segments, and the electric field on the cytoplasmic surface may not be large enough to allow movement of even highly charged nontransmembrane segments to account for the large dipole change that occurs during channel activation. (ii) The first two relatively apolar segments may not be sufficiently polar to form the channel lining.
Models presented here were developed to avoid these problems and to provide a more detailed molecular model of the channel structure. The favored model has the same general folding pattern as postulated by Noda et al. (1) except that each domain has four additional transmembrane segments S3, S4, S6, and S7 (see Fig. 1 ). The postulated activation gating mechanism involves a screw-like motion of S4 helices.
METHODS
The sequence was analyzed with a method that predicts which portions of a-helices and P-structures are exposed to water, buried inside protein, or exposed to lipid (3, 4) . The four domains will be referred to here as A, B, C, and D. This analysis made the following predictions for each domain. No portions of the two very apolar putative transmembrane a-helices (see S5 and S8 in Fig. 1 ) should be exposed to water. One face of putative helices S1, S2, and S3 is more polar than the other, but central segments of these helices should not be exposed to water. The positively charged polar face of putative helix S4 spirals around the helix. Central portions of S6 should be completely buried. Portions of negatively charged S7 should be exposed to water.
Periodicity of negative charges on S7B should favor formation of an amphipathic a-helix whereas distribution of negatively charged residues at every other position on S7D
should favor a p-strand (see Fig. 2C and D). A helical conformation is made unlikely in S6D and S7D by five prolines that are not found in other homologous segments. Long apolar segments S1, S2, S3, S5, and S8 were given a-helical conformations because long apolar sequences appear to form a-helices in other membrane proteins. Positively charged residues at every third position suggests that S4 could form a 310-helix; however, a-helices were used, because long 310-helices have never been observed, and because positively charged residues on the apolar side of these helices form salt bridges with negative groups on helices S1 and S3 in the final model. S4C is the only segment assigned a helical conformation that contains a proline anywhere other than the NH2 termini where it is highly favorable. Assignments of a-helix termination positions were made tentatively on the basis of residues that favor end positions (proline and negatively charged residues at the NH2 termini, positively charged residues at the COOH termini) and by constructing molecular models.
Interactions among transmembrane segments were examined carefully by constructing Nicholson molecular models of alternative conformations and by using computer graphics.
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Tertiary structures (see Fig. 2 (7, 8) or "3-4 ridges into grooves" (9) helix packing (see Fig. 2A Fig. 1 shows the postulated secondary structure of homologous domains and segments that may extend through the membrane for a simple model in which conformations of the four homologous domains are similar and no transmembrane segments are located outside these domains. The model is similar to that suggested by Noda et al. (1) in that NH2-and COOH-terminal segments and segments linking homologous domains are in the cytoplasm, in that segments linking S5 and S6 that in domains A and C contain five potential N-glycosylation sites are on the extracellular surface, and in that S1, S2, S5, and S8 are transmembrane a-helices. It differs in that S3 and S4 form transmembrane helical hairpins instead of being on the cytoplasmic surface, and S6 and S7 form shorter partially transmembrane hairpins instead of being on the extracellular surface. All homologous transmembrane segments are assumed to have the same secondary structure except S6D and S7D that were given ,B-instead of a-conformations.
There are several reasons to suspect that S3, S4, S6, and S7 cross the membrane. (i) S1 and S2 are not good candidates for channel lining a-helices because their central regions are very apolar and calculations indicate that these regions should not be exposed to water (see Fig. 1). (ii) The calculated dipole shift during activation of squid sodium channels indicate that the equivalent of approximately six charges cross the membrane (10) . It is difficult to account for this dipole change with transmembrane segments that contain few charges and/or with charged segments on the membrane surfaces. Armstrong (10) has proposed a sodium channel activation gating mechanism in which strings of negative charges move relative to strings of positive charges. S7 and S4 may correspond to these hypothetical charged strings. (iii) Conservation of arginines for all domains at three positions on S4 suggests they are crucial to the channel's function and/or structure. (iv) The channel is cation selective. If S4 segments cross the membrane and form part of the channel lining, their positive charges must be at least neutralized by negative charges. Apolar S1 and S3 contain negatively charged side chains that can interact with some positively charged side chains on the apolar side of S4 helices. Remaining positive charges can be neutralized by negative charges on S7. Linings that contain almost equal numbers of positively and negatively charged side chains should be electrostatically stable and have been proposed for acetylcholine receptor channels (2, 11, 12) and colicin channels (13, 14) . S7 segments were selected as negative channel lining segments because they and the apolar S6 segments that precede them can form hairpin structures that in the tertiary model are the proper length to cover apolar portions on other helices. Also, it is easy to see how S6 and S7 could be inserted into the membrane since they are located between putative glycosylated extracellular segments that must cross the membrane during insertion and S8. (v) Each domain has five apolar segments. If the rationale described earlier that there are an even number of transmembrane segments in each domain is correct then either one of these apolar segments does not cross the membrane as suggested by Noda et al. (1) or an odd number of additional segments in each domain cross the membrane as proposed here.
Other Folding Schemes. Assumptions that all homologous domains have similar folding patterns and that all transmembrane segments are contained within homologous domains may not be valid. The sodium channel is highly glycosylated on the extracellular side of the membrane. Seven of ten potential N-glycosylation sites (positions 205, 278, 288, 317, 591, 1160, and 1174) are on the extracellular surface in Fig.  1 . Two of three potential sites associated with the B domain are on the cytoplasmic side; one is just before S5B (position 690) and the other is just after S8B (position 797). Alternative folding patterns for the B domain alone or for all domains that place these sites on the outside are conceivable. These alternatives require additional transmembrane segments and in some cases require that S5 and S8 each form P-hairpins.
Tertiary Models. Tertiary models were developed to test the feasibility of general folding schemes and to make more precise predictions about the sodium channel's structure and gating mechanisms. Fig. 2 shows a channel tertiary structure that appears to satisfy best the criteria described in the methods. This model is highly tentative because of the nonquantitative nature of the methods. S1, S2, S3, and S4 are postulated to form a bundle of antiparallel a-helices. The helix backbone structure of hemerythrin (15) was used to develop the computer graphics model of these helices. Most side chains in the center of this bundle near the cytoplasmic surface are conserved in the four domains and are the same as or similar to side chains in the center of the bundle of four helices in hemerythrin. S6-S7 hairpins were placed between S1 and S4 bundles so that S4 and S7 segments form the channel lining. The backbone of a P-hairpin in cobra toxin was used for S6D and S7D. S5 and S8 were placed on the outside of the structure because they are very apolar. All adjacent a-helices are antiparallel if helices directly across from each other in bundles of four helices are not counted.
Channel activation may involve movement of positively charged S4s toward the extracellular surface and/or movement of negatively charged S7s toward the cytoplasm. One way this could be done that is consistent with "3-4 ridges into grooves" packing (9) is for S4 helices to rotate about their axes about 60°as they move 4.5 A toward the outside. (17) . Models are especially useful for site directed mutagenesis experiments because they suggest which residues are essential. It would be informative to determine how substitution of charged groups on S4 and S7 affect channel properties, whether deletions ofthree residues in S4 can essentially lock the S4 segments in an open conformation, and whether substitutions for negatively charged side chains near the COOH termini of S7 segments affect tetrodotoxin and saxitoxin binding and ion selectivity. (iii) It may be possible to covalently bind agents to the channel and determine which segments are involved. The present model would be supported if the local anesthetic binding site involves putative channel lining segments and if tetrodotoxin and saxitoxin bind near COOH termini of S7 segments.
Note Added in Proof. Greenblatt et al. (18) have proposed a model that has virtually the same transmembrane folding as shown in Fig.   1 except that S6D is an a-helix formed by residues 1484-1503. They have shown that all eight potential phosphorylation sites are in the cytoplasm in this scheme. The tertiary structure oftheir model differs from the one presented here in that S3 segments form the channel lining and S4 and S7 are buried in the transmembrane protein.
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